Bombyx mori densovirus (BmDNV-1), on the basis of the previously reported genome sequence, constitutes by itself a separate genus (Iteravirus) within the Densovirinae subfamily of parvoviruses. Inconsistencies in the genome organization, however, necessitated its reassessment. The genome sequence of new clones was determined and resulted in a completely different genome organization. The corrected sequence also contained conserved sequence motifs found in other parvoviruses. Some amino acids in the highly conserved domain in the unique region of VP1 were shared by critical amino acids in the catalytic site and Ca 2M -binding loop of secreted phospholipase A 2 , such as from snake and bee venoms. Expression of this domain and determination of enzyme activity demonstrated that capsids have a phospholipase A 2 activity thus far unknown to occur in viruses. This viral phospholipase A 2 , which is required shortly after entry into the cell, showed a substrate preference for phosphatidylethanolamine and phosphatidylcholine over phosphatidylinositol.
Bombyx mori densovirus (BmDNV-1), on the basis of the previously reported genome sequence, constitutes by itself a separate genus (Iteravirus) within the Densovirinae subfamily of parvoviruses. Inconsistencies in the genome organization, however, necessitated its reassessment. The genome sequence of new clones was determined and resulted in a completely different genome organization. The corrected sequence also contained conserved sequence motifs found in other parvoviruses. Some amino acids in the highly conserved domain in the unique region of VP1 were shared by critical amino acids in the catalytic site and Ca 2M -binding loop of secreted phospholipase A 2 , such as from snake and bee venoms. Expression of this domain and determination of enzyme activity demonstrated that capsids have a phospholipase A 2 activity thus far unknown to occur in viruses. This viral phospholipase A 2 , which is required shortly after entry into the cell, showed a substrate preference for phosphatidylethanolamine and phosphatidylcholine over phosphatidylinositol. Densonucleosis viruses, or densoviruses (DNVs) , are invertebrate viruses belonging to the subfamily Densovirinae within the family Parvoviridae (Bergoin & Tijssen, 2000) . These nonenveloped, icosahedral viruses package a linear, singlestranded DNA of about 4-6 kb with terminal hairpins that are required for virus replication. Many parvoviruses from vertebrates package predominantly the 'k' strand (complementary to mRNA), whereas most DNVs package in equal amounts both the 'k' and the 'j' strands in separate particles (Tijssen & Bergoin, 1995) . The capsid is assembled by 60 copies of essentially one structural protein, but this protein can have different N-terminal extensions, resulting in between two Author for correspondence : Peter Tijssen.
Fax j1 450 686 5626. e-mail peter.tijssen!inrs-iaf.uquebec.ca and five different VPs. The roles of these N-terminal extensions are thus far unknown. About half of the viral genome is required for encoding these structural proteins, which usually have molecular masses between 50 and 100 kDa. Virus functions are expected to be tightly organized due to the compact genome. Therefore, it would be surprising if the rather large capsid proteins served only as protective proteins. Instead of a passive vehicle, we predict that the virion acts as an enzyme-like complex that regulates cell entry and genome delivery and optimizes the cellular environment for virus replication. Here, we report a parvovirus capsid enzyme activity that is thus far unknown in viruses.
Bombyx mori DNV (BmDNV) was isolated from silkworms with flacherie disease in Ina City (Nagano Prefecture, Japan ; Shimizu, 1975) . The Ina isolate (BmDNV-1) differed from the Yamanashi and Saku isolates, which were designated BmDNV-2, and the Zhenjiang (China) isolate, which was designated BmDNV-3. Both BmDNV-2 and BmDNV-3 were found to have a split genome with a genome organization unlike parvoviruses and no terminal hairpins (Bando et al., 1992 ; Gao & Cai, 1994) . Hence it was proposed that BmDNV-2 and -3 belong to a new family, the Bidensoviridae (Tijssen & Bergoin, 1995) .
The nucleotide sequence and genome organization of BmDNV-1 were the first to be reported for DNVs (Bando et al., b, 1990 GenBank M15123, M60583, M60584) . Two large ORFs (430 and 887 codons, respectively) were found on one strand and a small ORF (167 codons) on the complementary strand. The total length of the BmDNV-1 sequence was reported to be 5048 nt with inverted terminal repeats (ITRs) of 225 nt and terminal hairpins of 153 nt. Its unique genome organization prompted ICTV to classify it in a separate genus with the name Iteravirus (' itera ' to indicate the presence of ITRs).
Several points led us to reassess the sequence of BmDNV-1. Although the restriction map of the Casphalia extranea DNV (CeDNV) genome shows little resemblance to that of BmDNV (Fe! die' re et al., 1991) , sequencing revealed a close relationship (unpublished results). The genome organization, however, was found to be different. The ORF for the VPs of BmDNV was 0001-7866 # 2001 SGM reported to be much larger than required and contains motifs, for example ATPase\helicase, found for other parvoviruses in the NS ORFs. Finally, a phospholipase A # (PLA # ) motif, recently identified in porcine parvovirus VP1 , was also present in the published sequence of BmDNV-1, but mostly out of the coding frame.
BmDNV-1 genomic DNA was cloned as described by using the Ina isolate after further propagation in B. mori. The sequence of both strands of two independent clones [pN215BB4.3 (without extremities) and pIN919, in a pBluescript SK − vector] was determined with an ABI 310 automatic sequencer by the primer-walking procedure. The sequence and genome organization of the clones (Fig. 1 A) was identical for their 4n3 kb overlap and similar to that of the CeDNV and has been submitted to GenBank (accession no. AY033435). Compared to CeDNV (GenBank AF375296), the coding sequence for BmDNV-1 NS1 was 754 codons (vs 753), for NS2 it was 451 (vs 452) and for VP it was 672 (vs 678). For the original BmDNV-1, a single NS of 455 codons and a VP of 885 codons was reported (Bando et al., a, 1990 ).
Sequencing of another clone from that original cloning experiment (pCBg42, in a pHC79 vector) revealed, with respect to the CeDNV and new BmDNV-1 sequences, at least 100 insertions, deletions or inversions without significant ORFs and was deemed to be aberrant, like the previously reported sequence.
The overall identity between the amino acid sequences of the three proteins from CeDNV and BmDNV-1 was 79n0%, compared to 85n7 % identity of the nucleotide sequence of the genes (each inserted\deleted nucleotide or amino acid counted as a mismatch). The higher nucleotide identity was mainly due to the overlap of the NS1 and NS2 genes with 91n3 % identity. Consequently, NS2 was the most conserved protein. The corrected BmDNV-1 sequence showed high identity with the recently submitted sequence of BmDNV-5 (Shinshu isolate ; GenBank accession no. AB042597) and identical genome organization. Therefore, the Shinshu isolate is not a new virus but another BmDNV-1 isolate.
The differences in length between the genomes of BmDNV-1 and CeDNV (5076 vs 5002 nt) could be partly accounted for (Tijssen & Bergoin, 1995) , were also found in the NS1 of BmDNV-1. GenBank accession nos : svPLA 2 (from snake venom), P30811 ; hpPLA 2 (from human pancreas), P04054 ; PPV, L23427 ; bvPLA 2 (from bee venom), P00630 ; GmDNV, L32896 ; adeno-associated virus 2 (AAV2), AF043303 ; B19, AB030673 ; and human herpesvirus-6 (HSV6) Rep protein, D11134.
by differences in the lengths of the noncoding sequences between the ITRs and the viral genes (Fig. 1 B) . However, the main reason was the occurrence of a direct repeat of 45 nt between the NS1 and VP sequences of BmDNV-1 but not of CeDNV (Fig. 1 B) . This intergenic sequence probably contains promoter elements for VP. The lack of this direct repeat in CeDNV suggests that BmDNV has developed strategies to prevent conflict between these repeat elements. Interestingly, the analogous sequence of CeDNV demonstrated four differences with both repeats of BmDNV-1 and a supplementary four differences with the upstream repeat only. Among the latter, two to three are in a putative TATA box and could thus make the first TATA box less attractive. Kutach & Kadonaga (2000) observed that, for invertebrates, less than 50 % of the class II gene promoters use either TATA boxes or the equivalent downstream promoter elements (DPE) but that initiator (Inr) elements, or a CATG box, are always conserved at the transcription start. This core motif, with the consensus (G\A\T)(C\T)A(G\T)TG, enables RNA polymerase II to function even in the absence of a TATA box (Cherbas & Cherbas, 1993 ; Purnell et al., 1994) and is better conserved when the TATA and DPE boxes are less prominent (Kutach & Kadonaga, 2000) . The conserved Inr box at position 2697-2702 (Fig. 1 B) may also restrict the TATA box for the VP transcription to the sequence at position 2667-2673.
The sequences of the termini of the viral genome (Bando et al., 1990) were also corrected. Almost all clones that were obtained had a 5 nt deletion, with respect to CeDNV, which resulted in many unpaired bases in the ITR (Bando et al., 1990) . Sequencing of pIN919 corrected this gap and demonstrated that the flip\flop sequence contained only 1 nt difference with CeDNV. The ITR could now be folded into a J-form hairpin (Fig. 1 C) and contained side-arms or bubbles as seen with other parvoviruses such as porcine parvovirus (PPV) (Bergeron et al., 1993 (Bergeron et al., , 1996 .
In contrast to a single NS ORF in the original sequence, two overlapping NS genes were identified in the new sequence of BmDNV-1 (Fig. 1 A) . Generally, parvoviruses from vertebrates generate their multiple NS proteins by alternative splicing, whereas parvoviruses from insects use overlapping ORFs in the different reading frames to obtain their complement of NS proteins. Splicing of the RNAs from DNVs is rare, but not unknown (Bergoin & Tijssen, 2000) . The VP proteins are generated, using probably the first four or five AUGs in the ORF as initiator codons, by a leaky scanning mechanism, in a similar way to Galleria mellonella DNV (GmDNV) (unpublished results) (Fig. 1 A) .
One of the reasons why the original BmDNV-1 sequence was suspected to be incorrect was the out-of-frame location of a VP domain that is highly conserved among almost all parvoviruses. Recently, we found that this domain contained a PLA # motif . As with other parvoviruses, this PLA # motif was identified in the unique portion of the VP1 protein (VP1up ; Figs 1 A and 2 A) , which is a minor component of the BmDNV-1 capsid (Nakagaki & Kawase, 1980) . Previously, PLA # s have not been recognized in viruses but they are required in the parvovirus cycle . The superfamily of PLA # s has been classified into 12 groups with diverse origins and roles (Dennis, 1997 ; Dessen, 2000) . These key enzymes are involved in physiological and pathological processes such as lipid membrane metabolism, signal transduction pathways, lipid mediator release, cell proliferation and migration, acute hypersensitivity, endotoxic shock and the pathogenesis of inflammation and autoimmune processes (Dennis, 1997 ; Kramer & Sharp, 1997 ; Balsinde et al., 1999) . PLA # prefers aggregated phospholipid substrates and catalyses the hydrolysis of their 2-acyl ester (sn-2) bond, generating lysophospholipids and free fatty acids.
In order to confirm enzyme activity in this domain, BmDNV-1 VP1up (first 94 amino acids of VP1) was cloned into BglII-XbaI of the pBADTBX vector, which was then used to transform E. coli BL21-CodonPlus(DE3)-RIL (Stratagene) to obtain a fusion protein. pBADTBX was derived from the pBAD\TOPO Thiofusion expression vector (Invitrogen) by inserting a tobacco etch virus (TEV) protease site and a polylinker downstream of the thioredoxin gene. The expressed protein was purified using its His-tag on a Ni-agarose column and was then cleaved by TEV protease to remove the thioredoxin. PLA # activity of the protein was not significantly affected by the presence of thioredoxin. Usual yields of recombinant protein were about 1 mg\l. PLA # activity of expressed VP1up was established using the mixed micelles assay (Manjunath et al., 1994) . The substrates (from New England Nuclear\DuPont) were 6 µM -3-phosphatidylcholine,1,2-di[1-"%C]oleoyl (sp. act. 110 mCi\mmol), -3-phosphatidylinositol -1-stearoyl-2-[1-"%C]arachidonyl (sp. act. 48 mCi\mmol) or phosphatidylethanolamine -1-palmitoyl,2-[1-"%C]arachidonyl (sp. act. 54n6 mCi\mmol). Triton X-100 (1 mM) was used instead of deoxycholate and the total reaction volume was 50 µl. The reaction was stopped after 10 min by adding 80 µl chloroform\methanol (2 : 1) and 50 µl of saturated KCl solution. Separation was on silica gel TLC plates. Optimal separation of the phosphatidylcholine reaction products was obtained using a solvent solution containing chloroform, methanol and water (65 : 35 : 4, v\v) . For phosphatidylethanolamine and phosphatidylinositol, chloroform and methanol (87 : 13, v\v) were used as solvent. The separated products were quantified using a Molecular Dynamics PhosphorImager SI after drying. The degree of hydrolysis was plotted against the amount of expressed protein and only the regression lines of activity vs dilution with a correlation coefficient r# 0n98 were used to calculate the amount of protein required to hydrolyse 50 % of the substrate. Bee venom PLA # , purchased from Sigma-Aldrich (cat. no. P9279) at 1360 U\mg, was used as a positive control (Fig. 2 B) .
In this assay, 590 ng of VP1up was required for BmDNV-1 to obtain 50 % hydrolysis of phosphatidylcholine. Its (k cat \K m ) app was (1n1p0n2)i10% compared to (1n09p 0n14)i10& M −" s −" for bee venom secreted PLA # . The (k cat \K m ) app values of B19 and GmDNV PLA # were (2n5p0n2)i10% and (0n4p0n03)i10% M −" s −" , respectively. With phosphatidylethanolamine, 550 ng of VP1up was required to hydrolyse 50 % of the substrate in this assay. Whereas for B19 and PPV VP1up the degree of hydrolysis of the three phospholipids was similar, phosphatidylinositol was at least 10-fold less hydrolysed by BmDNV VP1up than the other two phospholipids.
In the case of PPV, we found that site-directed mutagenesis of critical amino acids in the catalytic site decreased strongly both the enzyme activity and the virus infectivity . When the critical amino acids HD in the PLA # active site of the infectious clone of PPV were mutated, virus was still obtained upon transfection but was not infectious. Mutants bound to the cells and entered as efficiently as wild-type, colocalized with LAMP-2 protein in the late endosome\ lysosome, but failed to release the viral genome from the final endosomal compartment into the nucleus (Za! dori et al., 2001 ).
An initiator (replicator) motif could be identified in the NS1 sequence, although this motif was less well defined (Fig. 2 C ; Tijssen & Bergoin, 1995) . The tripartite helicase\ATPase motif that was recognized in the putative structural protein in the original sequence was also identified in the NS1 sequence as with other parvoviruses (Fig. 2 D) .
In conclusion, the corrected sequence of BmDNV-1 explains incongruencies that were previously noted (Tijssen & Bergoin, 1995) . The new genomic organization of BmDNV-1 is identical to that of CeDNV, but distinct from other DNVs, indicating that both belong to a distinct genus, the Iteravirus.
